(also known as AS160) regulates glucose transporter 4 (GLUT4) translocation and glucose uptake in adipocytes and skeletal muscle. Its mode of action involves phosphorylation of serine (S)/threonine (T) residues by upstream kinases resulting in inactivation of Rab-GTPase-activating protein (Rab-GAP) activity leading to GLUT4 mobilization. The majority of known phosphorylation sites on TBC1D4 lie within the Akt consensus motif and are phosphorylated by insulin stimulation. However, the 5=-AMP-activated protein kinase (AMPK) and other kinases may also phosphorylate TBC1D4, and therefore we hypothesized the presence of additional phosphorylation sites. Mouse skeletal muscles were contracted or stimulated with 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR), and muscle lysates were subjected to mass spectrometry analyses resulting in identification of novel putative phosphorylation sites on TBC1D4. The surrounding amino acid sequence predicted that S711 would be recognized by AMPK. Using a phosphospecific antibody against S711, we found that AICAR and contraction increased S711 phosphorylation in mouse skeletal muscle, and this increase was abolished in muscle-specific AMPK␣2 kinase-dead transgenic mice. Exercise in human vastus lateralis muscle also increased TBC1D4 S711 phosphorylation. Recombinant AMPK, but not Akt1, Akt2, or PKC, phosphorylated purified muscle TBC1D4 on S711 in vitro. Interestingly, S711 was also phosphorylated in response to insulin in an Akt2-and rapamycinindependent, but a wortmannin-sensitive, manner, suggesting this site is regulated by one or more additional upstream kinases. Despite increased S711 phosphorylation with AICAR, contraction, and insulin, mutation of S711 to alanine did not alter glucose uptake in response to these stimuli. S711 is a novel TBC1D4 phosphorylation site regulated by AMPK in skeletal muscle. mass spectrometry; AS160; glucose metabolism TBC1D4/AKT SUBSTRATE OF 160 kDa (AS160) is the fourth member of the TBC1D family of Rab-GTPase-activating proteins (Rab-GAP). TBC1D4 was found to be an Akt substrate in cultured adipocytes (22) and is expressed in insulin-responsive tissues in both rodents and humans (34, 38) . TBC1D4 has been proposed to regulate Rab proteins involved in glucose transporter 4 (GLUT4) vesicle mobilization to the plasma membrane (22, 25, 33) . TBC1D4 has multiple domains and is regulated by phosphorylation of specific serine (S)/threonine (T) residues. For example, in cultured adipocytes and skeletal muscle, expression of TBC1D4 mutated on S318, S588, T642, and S751 residues to alanine (known as the 4P mutant) reduces GLUT4 translocation and glucose uptake in response to insulin (24, 33). Furthermore, expression of a mutant TBC1D4 construct containing a mutation of the critical arginine residue (R973K) responsible for TBC1D4 GAP activity reverses the inhibitory effect of the 4P mutant (24, 33). These data suggest that phosphorylation of TBC1D4 regulates Rab-GAP activity mediated by R973. TBC1D4 is a multikinase substrate since activation of several kinases mediates TBC1D4 phosphorylation (18, 35). As such, TBC1D4 may be a point of convergence for upstream signaling events, and unraveling how individual kinases influence phosphorylation status and ultimately activity of TBC1D4 may enhance our mechanistic understanding of vesicular translocation.
mass spectrometry; AS160; glucose metabolism TBC1D4/AKT SUBSTRATE OF 160 kDa (AS160) is the fourth member of the TBC1D family of Rab-GTPase-activating proteins (Rab-GAP). TBC1D4 was found to be an Akt substrate in cultured adipocytes (22) and is expressed in insulin-responsive tissues in both rodents and humans (34, 38) . TBC1D4 has been proposed to regulate Rab proteins involved in glucose transporter 4 (GLUT4) vesicle mobilization to the plasma membrane (22, 25, 33) . TBC1D4 has multiple domains and is regulated by phosphorylation of specific serine (S)/threonine (T) residues. For example, in cultured adipocytes and skeletal muscle, expression of TBC1D4 mutated on S318, S588, T642, and S751 residues to alanine (known as the 4P mutant) reduces GLUT4 translocation and glucose uptake in response to insulin (24, 33) . Furthermore, expression of a mutant TBC1D4 construct containing a mutation of the critical arginine residue (R973K) responsible for TBC1D4 GAP activity reverses the inhibitory effect of the 4P mutant (24, 33) . These data suggest that phosphorylation of TBC1D4 regulates Rab-GAP activity mediated by R973. TBC1D4 is a multikinase substrate since activation of several kinases mediates TBC1D4 phosphorylation (18, 35) . As such, TBC1D4 may be a point of convergence for upstream signaling events, and unraveling how individual kinases influence phosphorylation status and ultimately activity of TBC1D4 may enhance our mechanistic understanding of vesicular translocation.
TBC1D4 phosphorylation is commonly evaluated using the phospho-Akt substrate (PAS) antibody, which recognizes phosphorylated Akt substrates in an (R/K)X(R/K)XXS*/T* recognition motif. Although TBC1D4 contains at least six amino acid residues phosphorylated by Akt, the PAS antibody may not detect more than one or two of these sites (18, 22) . The PAS antibody also strongly detects phosphorylated TBC1D1, a TBC1D4 paralog that migrates to a similar molecular weight during SDS-PAGE (6, 30, 34) . Therefore, to specifically investigate how different stimuli affect TBC1D4 and TBC1D1 phosphorylation, development of phospho-antibodies against specific S/T residues on TBC1D4 and TBC1D1 is warranted (7, 18, 38) .
Most reported TBC1D4 phosphorylation sites have a perfect Akt consensus sequence (i.e., RXRXXS*/T*; Ref. 1). However, muscle contraction, which stimulates GLUT4 translocation, increases the activity of a host of protein kinases in skeletal muscle including the AMP-activated protein kinase (AMPK; Ref. 16 ). Therefore, we hypothesized the presence of additional contraction-stimulated phosphorylation sites on TBC1D4. Here, we report the identification of several new candidate TBC1D4 phosphorylation sites found in mouse skeletal muscle treated with contraction and/or the AMPK activator, 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR). One of these novel sites, S711, was found to be located within a consensus AMPK recognition motif (36) . In addition, S711 was found to be located in the splice exon specific for the long version of TBC1D4, which is the major splice isoform in skeletal muscle (34, 38) . We developed a phosphospecific antibody and investigated the regu-lation of S711 phosphorylation in both mouse and human skeletal muscle. In vivo insulin and AICAR administration and in situ contraction of tibialis anterior muscles. For insulin, AICAR, and contraction experiments, mice were anesthetized by intraperitoneal injection of sodium pentobarbital (60 mg/kg). To elicit a maximal insulin or AICAR response, mice were injected intraperitoneally with 6 nmol/g of recombinant human insulin (100 Humulin R, cat. no. HI 210; Lilly) or 0.5-1 mg/g AICAR (cat. no. A8129; Sigma-Aldrich, St. Louis, MO) dissolved (50 mg/ml) in saline, respectively. Controls were injected with an equal volume of saline (0.9% NaCl). Thirty minutes following insulin or AICAR treatment, mice were euthanized by cervical dislocation, and soleus muscles were dissected and snap-frozen in liquid nitrogen. For contraction experiments, an electrode was placed on the common peroneal nerve, and tibialis anterior muscles were stimulated to contract in situ (15 min, train rate: 1/s, train duration: 500 ms, pulse rate: 100 Hz, duration: 0.1 ms at 1-10 V). The contralateral leg was sham-operated and served as a rested control.
EXPERIMENTAL PROCEDURES

Animals
In vitro incubation of isolated muscles. Soleus muscles were quickly removed from anesthetized mice and incubated in KrebsHenseleit buffer (117 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl 2, 1.2 mM KH2PO4, 1.2 mM MgSO4, and 24.6 mM NaHCO3 with addition of 2 mM pyruvate and 0.1% BSA, pH 7.4) at 30°C oxygenated with a gas containing 95% O 2-5% CO2. Incubations were carried out in the presence or absence of DMSO (0.01%; Sigma-Aldrich), AICAR (2 mM; Toronto Research Chemicals, Toronto, Canada), wortmannin (0.5 M; Sigma-Aldrich), rapamycin (600 nM; cat. no. 553210; Calbiochem), and/or insulin (60 nM; Actrapid; Novo Nordisk) as indicated. All muscles were preincubated for 10 min following dissection and subsequently incubated for 40 min in the absence or presence of the chemical indicated in the figure legends. In experiments using wortmannin, muscles were first preincubated for 10 min Ϯ wortmannin and then stimulated for the 40-min period. In experiments with rapamycin, muscles were preincubated and incubated for 30 min Ϯ rapamycin followed by insulin stimulation for 30 min. Wortmannin, insulin, AICAR, and rapamycin were present during the stimulation period. For in vitro contraction experiments, soleus muscles were preincubated for 40 min with a buffer change after 10 min. The contraction protocol consisted of 10-s trains (100 Hz, 0.2 ms, ϳ40 V) repeated once every minute for 10 min. After incubation, muscles were quickly frozen in liquid nitrogen and stored at Ϫ80°C.
Immunoblot procedure. Tissues were homogenized using a Polytron (Brinkmann Instruments, Westbury, NY) in the following buffer: 50 mM Tris · HCl, 250 mM mannitol, 50 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM EGTA, 5 mM sodium pyrophosphate, 5 mM glycerophosphate, 10% glycerol (vol/vol), 1% Nonidet P-40 substitute (vol/vol; Calbiochem), 1 mM Na 3VO4, 1 mM DTT, 0.02 mM leupeptin, 0.5 mM PMSF, pH 7.4, at 4°C. Homogenates were rotated end-over-end for 1 h at 4°C followed by centrifugation at 14,000 g for 15 min. Lysate protein concentrations were determined by the Bradford assay (5) . Lysates (30-g protein) were separated by SDS-PAGE using 6 -8% self-cast gels and transferred to nitrocellulose membranes. Antibody-bound proteins were visualized with chemiluminescence reagents (PerkinElmer Life Sciences) using a FluorChem 2.0 detection unit (Alpha Innotech, San Leandro, CA). Commercially available primary antibodies were anti-TBC1D4 (cat. no. 07-741; Millipore, Billerica, MA), anti-PAS (cat. no. 9611), anti-phosphoAkt-T308 (cat. no. 9275), anti-phospho-AMPK-T172 (cat. no. 2535), anti-phospho-GSK-3␣/␤ (S21/9; cat. no. 9331; Cell Signaling Technology, Danvers, MA), and anti-Akt/PKB (cat. no. 05-591; Millipore). Serum-purified anti-phospho-TBC1D4 S711 antibody was generated by immunizing rabbits. The phosphospecificity of this antibody was confirmed (Supplemental Fig. S1 , available in the data supplement online at the AJP-Cell Physiology web site).
In vivo gene electrotransfer and glucose uptake in mouse skeletal muscle. Human WT TBC1D4 DNA and two mutant TBC1D4 DNA constructs were used in this study. One mutant, termed TBC1D4-4P, contains four S/T-to-A point mutations at S318, S588, T642, and S751 (33) . The other mutant, TBC1D4-S711A, was generated from the WT TBC1D4 construct using site-directed mutagenesis (cat. no. 200522; Stratagene, La Jolla, CA). TBC1D4 genes were inserted into a pCAGGS vector containing an NH 2-terminal Myc-tag (24) , and the procedure for gene electrotransfer of plasmid DNA was performed as previously described (24) . Seven days following electroporation of TBC1D4 constructs, muscle lysates were prepared and used for signaling studies or used to measure glucose uptake. Glucose uptake was measured in tibialis anterior muscle in response to muscle contraction, AICAR (0.5 g/kg body wt), or glucose injection (1 g/kg body wt) to induce a physiological insulin response as previously described (24) . Blood draws were done from the tail vein at time points 0, 5, 10, 15, 25, 35, and 45 min. Immediately following the first blood draw, a bolus containing 3 Hlabeled 2-deoxyglucose (333 Ci/kg body wt) dissolved in saline (67 Ci/ml for contraction-and AICAR-induced glucose uptake experiments) or Ϯ 20% glucose (for glucose-induced glucose uptake experiments) was delivered retroorbitally. After the last blood sample, animals were euthanized by cervical dislocation, and tibialis anterior muscles were rapidly dissected and snap-frozen in liquid nitrogen. 3 H-labeled 2-deoxyglucose uptake was assessed as described previously (15) .
Mass spectrometry. AICAR-and contraction-stimulated gastrocnemius muscle lysates were prepared as described above. Lysates were pooled, and TBC1D4 was immunoprecipitated from 50 mg of total protein using a goat polyclonal TBC1D4 antibody (cat. no. ab5909; Abcam, Cambridge, MA). Protein G-agarose beads (cat. no. 22851; Pierce) were used to bind anti-TBC1D4 antibodies. Bead-antibodyprotein complexes were washed 1ϫ with lysis buffer, 2ϫ with lysis buffer ϩ 500 mM NaCl, and 1ϫ with lysis buffer. Pellets were aspirated and spotted with 5-10 l of 1 g/l BSA before elution to maximize the efficiency of protein elution. Proteins were eluted from protein G beads by adding Laemmli buffer and heating for 5 min at 95°C. Eluates were subjected to SDS-PAGE, and gels were stained with GelCode Blue Stain Reagent (cat. no. 24592; Pierce). AICARstimulated samples were digested with trypsin and separated by nanoflow reverse phase capillary HPLC. Eluted peptides were ionized by electrospray and analyzed with an LTQ two-dimensional linear quadrupole ion trap mass spectrometer (Thermofinnigan, San Jose, CA; Refs. 14, 17, 20) . Contraction-stimulated samples were reduced and alkylated in-gel. Samples were digested with trypsin or chymotrypsin and analyzed by liquid chromatography-tandem mass spectrometry in an LTQ Orbitrap mass spectrometer (Thermofinnigan, San Jose, CA; Refs. 3, 19, 41) . In all cases, data were analyzed with the SEQUEST algorithm, and reported phosphopeptides were verified by manual inspection of spectra.
In vitro phosphorylation of TBC1D4 using recombinant AMPK, PKC, and Akt. To phosphorylate S711 using recombinant proteins in vitro, TBC1D4 containing a flag-tag (33) was overexpressed by gene electrotransfer in tibialis anterior muscles as described above and subsequently immunoprecipitated overnight from 300 g of muscle lysate using an ␣-flag antibody (F1804; Sigma-Aldrich). The immunoprecipitate was washed 3ϫ with PBS, and reaction buffer (10 mM HEPES, 5 mM MgCl 2, 1 mM EGTA, 0.5 mM Na3VO4, 200 M ATP, 100 M AMP) was added with or without constitutively active AMPK (cat. no. P47-10H), PKC (cat. no. P75-10G), Akt1 (cat. no. A16-10G), and Akt2 (cat. no. A17-10G) from SignalChem (Richmond, British Columbia, Canada). The reaction ran for 30 min at 30°C and was terminated by adding Laemmli buffer and heating the samples to 96°C for 5 min. Samples were then separated by SDS-PAGE. As a positive control for the recombinant PKC, assays were run with PKCε pseudosubstrate (cat. no. 77-120; BioSource International) with the addition of [␥-
33 P]ATP in the reaction buffer. After incubation, 33 P-labeled substrate was trapped on P81 filter paper, washed 4 ϫ 10 min in 1% phosphoric acid, and counted in a liquid scintillation counter (Tri-Carb 2000; Packard Instruments).
Human exercise experiment. The human skeletal muscle samples used have been described previously (4). In brief, 11 healthy young men [age 25 Ϯ 1 yr, body wt 76 Ϯ 1 kg, body mass index (BMI) 24 Ϯ 1 kg/m 2 , peak oxygen consumption (V O2peak) 53 Ϯ 2 ml/kg] gave their written informed consent to participate in this study, which was approved by the Copenhagen Ethics Committee (no. KF01277313) and was in agreement with the Declaration of Helsinki II. The subjects arrived at the laboratory in the morning 3 h after a light breakfast. After 45 min of rest, a needle biopsy from the vastus lateralis muscle was obtained under local anesthesia (2-3 ml of 2% lidocaine). The subjects completed 20 min of bicycling at 77 Ϯ 3% V O2peak. Immediately after the exercise was completed, a second biopsy was obtained from the vastus lateralis muscle in the other leg. The biopsies were frozen in liquid nitrogen within 15 s after termination of the exercise and stored at Ϫ80°C.
Statistics. All statistical analyses were performed in SPSS 17.0 (SPSS, Chicago, IL). Data are expressed as means Ϯ SE. Levene test of equality of variance was used to test whether groups had equal variances. Data were log-transformed if Levene test was significant. Statistical differences were assessed using paired or unpaired t-tests or two-way ANOVA Ϯ repeated measures where appropriate. For post hoc testing, Tukey honestly significant difference test was applied. Statistical significance was accepted at P Ͻ 0.05.
RESULTS
Mass spectrometry analyses revealed novel contraction-and AICAR-responsive sites on TBC1D4.
Using mass spectrometry analyses, we identified several novel candidate phosphorylation sites on TBC1D4 (Table 1 ). In contraction-stimulated samples, we found four novel sites (S276, S598, S616, and S789) and two sites that have been previously identified (S595 and T649). In AICAR-stimulated samples, we found one previously characterized site (S764; Ref. 11) and four novel phosphorylation sites (S680, S711, S761, and S1135). We chose to further investigate the regulation of S711 because it falls within the consensus AMPK phosphorylation motif [⌽(X,␤)XXS/TXXX⌽, ⌽ ϭ M, V, L, I, F, ␤ ϭ R, K, H; Ref. 10] . Furthermore, S711 is within a splice exon that is unique to skeletal muscle and heart. These two facts suggested that this site could transduce contraction-related energetic signals arising from stimuli activating AMPK.
Multiple stimuli induce S711 phosphorylation in vivo. To determine whether S711 was phosphorylated in response to stimuli known to activate AMPK in vivo, we studied exercise in human skeletal muscle and AICAR in mouse skeletal muscle. Exercise at ϳ80% of V O 2peak for 20 min resulted in a pronounced increase in S711 phosphorylation in skeletal muscle from young healthy male subjects (Fig. 1A) . AICAR injection increased TBC1D4 S711 phosphorylation in mouse soleus muscle (Fig. 1B) . Based on the amino acid sequence around S711, this site appeared to be ideal for AMPK recognition and less so for Akt (32) , another well-known TBC1D4 kinase. To rule out that kinases activated by insulin were able to phosphorylate S711, we stimulated ICR mice with insulin in vivo and measured S711 phosphorylation in soleus muscle. Surprisingly, insulin induced a response similar to that observed with AICAR and exercise (Fig. 1C) .
AMPK␣2 is required for AICAR-and contraction-stimulated S711 phosphorylation. To determine the upstream kinases that mediated the AICAR-and contraction-induced S711 phosphorylation, soleus muscles from mice expressing a muscle-specific AMPK␣2 KD subunit were incubated with AICAR or contracted in vitro. Lack of AMPK␣2 activity resulted in a significant decrease in basal S711 phosphorylation. We found that both AICAR-and contraction-mediated S711 phosphorylation were completely inhibited in the AMPK␣2 KD mice (Fig. 2, A and B) . As a control for contraction and AICAR, we tested the effects of these stimuli on AMPK T172 and ACC S227 phosphorylation and found both to be normal in the WT muscles (Supplemental Table S1 ). Total TBC1D4 expression TBC1D4 was immunoprecipitated from contraction-and 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR)-stimulated (1 mg/g) mouse gastrocnemius muscle lysates and analyzed for phosphorylation by liquid chromatography/tandem mass spectrometry (LC-MS/MS). Phosphopeptides were identified by analyzing mass spectral data with the SEQUEST algorithm. Cross-correlation (XCorr) is a measure of confidence for correct identification of a phosphopeptide. Depending on the charge state and the size of the phosphopeptide, scores Ͼ1.5 can indicate a correct match pending further verification by manual inspection of spectra. Here, all phosphopeptides reported were verified by manual inspection. AICAR-stimulated samples were analyzed by an LTQ linear ion trap mass spectrometer, and contraction-stimulated samples were analyzed by an LTQ Orbitrap mass spectrometer. Since these mass spectrometers operate by different principles, identification of a phosphopeptide in only contraction-or AICAR-stimulated samples does not indicate that the site is not phosphorylated with the other. S/T* denotes phosphorylation, C
ٙ denotes carbamidomethylation, and M# denotes methionine oxidation. PAS, phospho-Akt substrate.
was not different between genotypes (Fig. 2C) , as previously reported (39) . These data strongly suggest that AMPK is required for both AICAR and contraction effects on S711 phosphorylation and that AMPK also regulates basal S711 phosphorylation.
Insulin-stimulated S711 phosphorylation is wortmannin-sensitive but independent of Akt2 and AMPK␣2 and rapamycininsensitive. We next tested the hypothesis that insulin-mediated S711 phosphorylation requires expression of Akt2. Therefore, soleus muscles from Akt2 KO mice were incubated with insulin in vitro. Although Akt phosphorylation of T308 was not significantly increased in Akt2 KO mice (Table 2) , insulin induced a similar increase in S711 phosphorylation in both Akt2 KO and WT mice (Fig. 3A) . We verified that in the Akt2 KO mice, PAS phosphorylation of the 160-kDa band was severely blunted (Supplemental Fig. S2A ), as we have previously reported (23) . GSK-3 phosphorylation was also diminished in the Akt2 KO mice in response to insulin showing that downstream signaling from Akt was severely affected in this model (Supplemental Fig. S2B ). To rule out that the effect of insulin on S711 was dependent of AMPK␣2, we incubated soleus muscles from AMPK␣2 KD and WT littermates with insulin and measured S711 phosphorylation. As shown in Fig. 2 , basal S711 phosphorylation was reduced in the AMPK␣2 KD mice. However, the insulin-stimulated increase in S711 phosphorylation above basal was preserved (Fig. 3B) . Akt S473 phosphorylation with insulin was normal in the AMPK␣2 KD mice (Table 2) , indicating an adequate insulin stimulus. Since neither Akt2 nor AMPK were mediating the effects of insulin on S711 phosphorylation, we used the phosphatidylinositol 3 (PI3) kinase inhibitor wortmannin to test whether inhibition of the insulin signaling cascade further upstream would alter insulininduced S711 phosphorylation. Wortmannin completely inhibited Akt T308 and S473 phosphorylation ( Table 2 ) and abolished the effect of insulin on S711 phosphorylation (Fig. 3C) . Insulin is known to stimulate the activation of mammalian target of rapamycin (mTOR) signaling, resulting in the phosphorylation of T389 on the p70S6 kinase, a response that can be inhibited by rapamycin (27) . To test the possibility that mTOR/p70S6 kinase could be upstream of insulin-stimulated S711 phosphorylation, we incubated soleus muscles with rapamycin. Although insulin-stimulated p70S6 kinase T389 phosphorylation was severely blunted (Fig. 3F) , S711 phosphorylation was not affected (Fig. 3D) .
Recombinant ␣ 1 ␤ 1 ␥ 1 -AMPK, but not PKC, Akt1, or Akt2, phosphorylates S711 in vitro. Since AMPK␣2 was required for S711 phosphorylation in response to AICAR and contraction, we tested whether AMPK directly phosphorylates S711 in vitro. We also tested the possibility that recombinant constitutively active PKC, Akt1, or Akt2 could directly phosphorylate S711 in vitro. As shown in Fig. 4 , immunopurified TBC1D4 was heavily phosphorylated at PAS sites by AMPK, Akt1, and Akt2. However, only AMPK was able to phosphorylate S711. Recombinant PKC did not phosphorylate either PAS sites or S711. Using a PKCε pseudosubstrate and [␥- 33 P]ATP in the Fig. 2 . S711 phosphorylation in response to AICAR and contraction is AMP-activated protein kinase-␣2 (AMPK␣2)-dependent. A: soleus muscles (n ϭ 8) from wild-type (WT; black bars) and AMPK␣2 kinase-dead (␣2 KD; white bars) mice were incubated in vitro Ϯ AICAR (2 mM, 40 min). Muscle lysates were prepared followed by Western blot analysis using a TBC1D4 S711-phosphospecific antibody. B: soleus muscles (n ϭ 10 -12) from WT (black bars) and AMPK␣2 KD (white bars) mice were incubated for 40 min in vitro and stimulated to contract (10 s/60 s, 100 Hz, 0.2 ms) or left at rest during the last 10 min of the incubation period. Muscles were processed and prepared for Western blot analyses. C: representative Western blots for phosphorylation of S711 and total TBC1D4. **Treatment effect (P Ͻ 0.01); † †genotype effect (P Ͻ 0.01).
Fig. 1. Different stimuli induce TBC1D4 S711 phosphorylation.
A: healthy human male subjects (n ϭ 11) exercised at ϳ80% of their peak oxygen consumption (V O2peak) for 20 min on a cycle ergometer. Before and immediately after termination of the exercise, biopsies were taken from the vastus lateralis muscle; muscle lysates were prepared followed by Western blot analysis using a TBC1D4 S711-phosphospecific antibody. B: mice (n ϭ 3-6) were injected in vivo with saline or 5-aminoimidazole-4-carboxamide-1-␤-D-ribofuranoside (AICAR; 1 mg/g body wt ip, 30 min), and soleus muscles were dissected and prepared for Western blot analyses. C: mice (n ϭ 3-6) were injected in vivo with saline or insulin (6 nmol/g ip, 30 min), and soleus muscles were dissected and prepared for Western blot analyses. **Treatment effect (P Ͻ 0.01). AU, arbitrary units.
same reaction conditions as with immunopurified TBC1D4, we confirmed that the PKC protein was indeed active (data not shown). It should be noted that the specific activity of the recombinant AMPK was ϳ6 times higher than that for Akt1 and Akt2. This may explain the difference in degree of PAS phosphorylation between AMPK and Akt1/2.
Phosphorylation of S711 by AICAR and contraction is inhibited in skeletal muscles expressing the TBC1D4-4P mutant.
Some interdependency between phosphorylation sites on TBC1D4 has been reported (18) . Therefore, to investigate the regulation of S711, we expressed TBC1D4-WT, TBC1D4-S711A, and TBC1D4-4P (containing 4 S-to-A mutations, i.e., S318A, S588A, T642A, and S751A) constructs in tibialis anterior muscles of ICR mice by gene electrotransfer. The level of ectopically expressed proteins reached similar levels (approximately 10-to 15-fold) to that reported previously (24) . Mice were subjected to either in situ contraction via stimulation of the peroneal nerve or AICAR stimulation in vivo by a subcutaneous Fig. 3 . Insulin-stimulated S711 phosphorylation is wortmannin-sensitive but independent of Akt2 or AMPK␣2. A: soleus muscles (n ϭ 10) from WT (black bars) and Akt2 knockout (KO; white bars) mice were incubated in vitro in the absence or presence of insulin (60 nM, 30 min). Muscle lysates were prepared followed by Western blot analysis using a TBC1D4 S711-phosphospecific antibody. B: soleus muscles (n ϭ 10) from WT (black bars) and AMPK␣2 KD (white bars) mice were incubated in vitro with insulin (60 nM, 40 min) and then processed and prepared for Western blot analyses. C: soleus muscles (n ϭ 8) from C57BL/6 mice were incubated without (black bars) or with (white bars) wortmannin (500 nM) dissolved in DMSO and stimulated with insulin (60 nM, 40 min). D: soleus muscles (n ϭ 6) from WT ICR mice were incubated without (black bars) or with (white bars) rapamycin (600 nM) dissolved in DMSO and stimulated with insulin. E: representative phospho-S711 Western blots from experiments described in A-D. F: representative phospho-T389-p70S6K Western blot. **Treatment effect (P Ͻ 0.01); † †genotype effect (B) or effect of wortmannin (C) (P Ͻ 0.01). Wmn, wortmannin; Rap, rapamycin.
injection. Contraction and AICAR stimulation increased S711 phosphorylation in muscles expressing TBC1D4-WT, and this response was completely ablated in muscles expressing the TBC1D4-S711A mutant (Fig. 5, A and B) . Interestingly, S711 phosphorylation was markedly blunted in muscles expressing the TBC1D4-4P mutant indicating that to induce S711 phosphorylation, 1 or more of the 4P sites is required. Although S711 phosphorylation was clearly reduced in the muscles expressing the TBC1D4-4P mutant, AICAR and contraction resulted in a modest but significant increase in phosphorylation at this site.
Glucose uptake by AICAR, contraction, and insulin is not affected in muscles expressing the S711A mutant. AICARinduced glucose uptake in skeletal muscle has been shown to require AMPK␣2 (21) , and our current study shows that AICARinduced S711 phosphorylation requires AMPK␣2. Therefore, we hypothesized that S711 would be necessary to increase glucose uptake in skeletal muscle by AICAR. Furthermore, as contractionand insulin-mediated glucose uptake have been shown to depend in part on the ability of TBC1D4 to be phosphorylated on S318, S588, T642, and S751 (24), and as one or more of these phosphorylation sites appear to be required for phosphorylation of S711 to occur (Fig. 5B) , we also tested whether contraction-and insulin-mediated glucose uptake required S711. Although contraction-induced glucose uptake in the TBC1D4-4P mutant was significantly reduced, AICAR-, contraction-, and insulin-stimulated glucose uptake were not affected in muscles expressing the S711A mutant (Fig. 6, A-C) . Thus S711 phosphorylation is dispensable for these stimuli to induce glucose uptake.
DISCUSSION
TBC1D4 (AS160) is a Rab-GAP with multiple domains and phosphorylation sites, including several sites that have previously been shown to be phosphorylated by Akt. In the current study, we investigated the possibility that novel phosphorylation sites are present on TBC1D4 and identified several putative phosphorylation sites that are regulated by contraction and AICAR in skeletal muscle. Of these, S711 is located in an AMPK recognition motif (10, 36) . We found that recombinant AMPK phosphorylates TBC1D4 on S711 and that AICAR and contraction increase S711 phosphorylation in an AMPK-dependent manner. These findings demonstrate that AMPK directly phosphorylates TBC1D4 on S711 and that this occurs in skeletal muscle in vivo. In addition to known AMPK activators increasing phosphorylation of S711 on TBC1D4, we were intrigued to find that insulin also increased S711 phosphorylation and that the magnitude of the insulin effect was comparable with that of AICAR and muscle contraction. Experiments using wortmannin suggest that the upstream kinase that mediates insulin-stimulated S711 phosphorylation is a PI3 kinaseregulated protein, but our experiments with Akt2 KO mice and recombinant Akt1/2 suggest that Akt1 and Akt2 are not the responsible kinases. Atypical PKC isoforms have been reported to be downstream of PI3 kinase (9) and have also been implicated in the regulation of glucose metabolism in skeletal muscle (13) . However, using recombinant constitutively active PKC, we did not observe phosphorylation of TBC1D4 on either S711 or PAS sites. TBC1D4 PAS phosphorylation has Fig. 5 . S711 phosphorylation is controlled by 1 or more of the TBC1D4-4P sites. Gene electrotransfer of tibialis anterior muscles from ICR mice in vivo was used to express TBC1D4-WT, TBC1D4-S711A, and TBC1D4-4P and the mice were studied 7 days later. A: mice (n ϭ 4) were stimulated with AICAR (0.5 mg/g body wt subcutaneously, 30 min) or saline (subcutaneous, 30 min). Muscle lysates were prepared followed by Western blot analysis using phosphospecific antibodies as indicated in the figure. B: tibialis anterior muscles (n ϭ 6) were stimulated to contract in situ (15 min; train rate: 1/s; train duration: 500 ms; pulse rate: 100 Hz; duration: 0.1 ms at 1-10 V) via the common peroneal nerve or sham-operated and left in the rested state (15 min). **Treatment effect (P Ͻ 0.01); † †effect of the DNA construct expressed compared with WT (P Ͻ 0.01). Samples were subjected to SDS-PAGE immunoblotting with antibodies recognizing phosphorylated S711, phospho-Akt substrate (PAS) sites, and total flag-tagged protein. The specific activity of AMPK was ϳ6 times higher than that for PKC, Akt1, and Akt2, which may explain the difference between the levels of PAS phosphorylation.
been reported not to be reduced in insulin-stimulated skeletal muscle from PKC KO animals (13) . Collectively, these data suggest that atypical PKC isoforms may not play a functional role in the regulation of TBC1D4 phosphorylation. We also tested the hypothesis that insulin-mediated S711 phosphorylation was induced by intermediates in the mTOR-p70S6K pathway. However, although rapamycin severely blunted p70S6K T389 phosphorylation, S711 phosphorylation was unaffected. We (31) have previously shown that Akt3 activity is increased with insulin stimulation and by muscle contraction in skeletal muscle, but this protein is considered to be of very low abundance in skeletal muscle (12) . However, we cannot rule out a role for Akt3 in mediating S711 phosphorylation with insulin. An alternative mechanism for insulin-stimulated TBC1D4 S711 phosphorylation is that a wortmannin-sensitive kinase could inhibit a S711 phosphatase.
Our finding that expression of TBC1D4 mutated on four Akt substrate motifs (4P mutant) resulted in a marked reduction of S711 phosphorylation suggests that for optimal S711 phosphorylation to occur, a priming phosphorylation of one or more of these Akt sites is required. The concept of interdependency among the different TBC1D4 phosphorylation sites is consistent with previous work where it was reported that a S318A mutation decreased the phosphorylation of S341 (18) . For our study, it could be that phosphorylation of T642, the most highly immunoreactive of the 4P sites on TBC1D4 using the PAS antibody, or one or more of the other sites mutated in the TBC1D4 4P mutant would make S711 a much better substrate for AMPK, perhaps through a conformational change of the protein. It is important to point out that although phosphorylation was quite low, AICAR and contraction were still able to increase S711 phosphorylation in the muscles expressing the 4P mutant. Thus one or more of the 4P sites may potentiate phosphorylation of S711 and enhance the signal, but these sites are not mandatory for the ability of upstream kinases to phosphorylate S711.
Exercise in humans is a potent stimulator of AMPK activity in skeletal muscle, and exercise in humans increases TBC1D4-PAS phosphorylation (40) . Here, we found that S711 phosphorylation increased in response to cycle ergometer exercise in human skeletal muscle. We (4) have previously reported that of the three different AMPK trimers detected in human skeletal muscle (␣ 1 ␤ 2 ␥ 1 , ␣ 2 ␤ 2 ␥ 1 , and ␣ 2 ␤ 2 ␥ 3 ), only ␣ 2 ␤ 2 ␥ 3 was activated in response to this type of exercise. Thus ␣ 2 ␤ 2 ␥ 3 -containing AMPK complexes could play a central role in regulating S711 on TBC1D4 in skeletal muscle. In this study, we also saw S711 phosphorylation in response to AICAR and contractions in soleus and tibialis anterior muscles from mice. We do not know the AMPK expression profile for the tibialis anterior muscle, but soleus muscles from C57BL/6 mice contain five different AMPK trimers of which ␣ 2 ␤ 2 ␥ 3 -containing complexes constitutes only a very small fraction (Ͻ2%) of the total pool of AMPK trimers (37) . In contrast, human vastus lateralis muscle contains ϳ20% ␣ 2 ␤ 2 ␥ 3 -AMPK complexes (4) . Future studies will investigate which specific AMPK trimer is responsible for phosphorylating S711, but it is possible that the specific AMPK trimer may be different among species.
The ability of the AMPK activator AICAR to increase glucose uptake in skeletal muscle is dependent on both the ␣ 2 -and ␥ 3 -subunits of AMPK (2, 26) , and in the current study we found that S711 of TBC1D4 is regulated by AMPK. However, expression of the S711A mutant did not impair AICARstimulated glucose uptake in muscle, raising the possibility that AMPK-stimulated S711 phosphorylation of TBC1D4 may regulate another, yet to be determined function of TBC1D4. Alternatively, S711 phosphorylation may function in the regulation of glucose uptake, but AICAR may phosphorylate other TBC1D4 sites in skeletal muscle (e.g., S588; Ref. 18) , and eliminating one phosphorylation site may not be sufficient for regulation of glucose uptake. There could also be redundancy in TBC1D4 and TBC1D1 function. Although we do not know the absolute amount of the TBC1D4 and TBC1D1 proteins in muscle, mRNA analyses suggest lower endogenous TBC1D4 protein expression compared with TBC1D1 in tibialis anterior muscle (34) , and overexpression of TBC1D4 does not result in Fig. 6 . Mutation of S711 does not impair glucose uptake in skeletal muscle in response to AICAR, contraction, or insulin. Tibialis anterior muscles from ICR mice were injected with either pCAGGS empty vector, TBC1D4-WT, TBC1D4-S711A, or TBC1D4-4P plasmid DNA constructs, which were then electroporated into the muscles cells. Seven days later, glucose transport was measured in response to AICAR (n ϭ 6 -12), contraction (n ϭ 4 -12), and physiological insulin levels induced by a glucose intravenous injection (n ϭ 8 -11). A: AICAR (0.5 mg/g body wt) or saline was injected (subcutaneously) 10 min before injecting (intravenously) a bolus of 3 H-labeled 2-deoxyglucose (2DG). Blood samples were taken at time points 0, 5, 10, 15, 25, 35, and 45 min, and muscles were dissected after 45 min of stimulation. B: at time 0, a blood sample was taken, and a bolus of 3 H-labeled 2DG was injected intravenously. An electrode was placed on the common peroneal nerve, and tibialis anterior muscles were stimulated to contract in situ (15 ϩ 30 min recovery). The contralateral leg was sham-operated and used as rested control. Blood samples were taken as in A, and tibialis anterior muscles were dissected after 45 min. C: glucose or saline containing 3 H-labeled 2DG were injected intravenously at time 0, and blood samples were taken as in A. Tibialis anterior muscles were dissected after 45 min of stimulation. Muscles and blood samples were processed as previously described (15) . **Treatment effect (P Ͻ 0.01); †different from empty vector (P Ͻ 0.05); #different from WT and S711A (P Ͻ 0.05).
decreased expression of TBC1D1 (D. An and L. J. Goodyear, unpublished observations). Thus the lack of effect on AICARinduced glucose uptake in the S711A-expressing muscles may be due to redundancy both at the level of phosphorylation and Rab-GAP protein expression.
Recently, we (34) found several new putative phosphorylation sites on TBC1D1. TBC1D1 S660 is located on the splice exon specific for the long isoform of TBC1D1, and based on the ability of AICAR to increase phosphorylation of this site and the surrounding amino acid sequence, this residue may correspond to S711 on TBC1D4 (K. Vichaiwong, D. An, and L. J. Goodyear, unpublished observations). This may further support the idea that TBC1D1 could compensate for the loss of TBC1D4 S711 phosphorylation in the TBC1D4-S711A-expressing muscles. In line with the concept of redundancy, TBC1D1 and TBC1D4 show Rab-GAP activity against the same Rab proteins, at least in vitro (25, 30) , and this could also possibly occur in vivo. Similar Rab specificity is likely due to the high homology between TBC1D1 and TBC1D4, especially in the GAP domain of the proteins (30) . On the other hand, both TBC1D1 and TBC1D4 have been shown to have multiple binding partners (i.e., IRAP, 14-3-3, and RUVBL2; Refs. 7, 18, 28, 29, 42) , and it is possible that the "signature" phosphorylation patterns induced by upstream kinases on TBC1D1 and TBC1D4 result in differential binding of these partners and thereby distinct regulation of Rab-GAP activity. For example, in L6 myotubes, insulin stimulation causes phosphorylation of specific sites and concomitant 14-3-3 binding of TBC1D4, whereas for TBC1D1, insulin also results in site-specific phosphorylation but no 14-3-3 binding (7). Thus regulation of TBC1D1 and TBC1D4 may occur by distinct association of binding partners. The finding that TBC1D1 can be phosphorylated with insulin without resulting 14-3-3 binding may suggest multiple modes of TBC1D1 regulation, which likely also applies for TBC1D4. This could potentially indicate that these Rab-GAPs are not only involved in vesicular traffic related to GLUT4 mobilization, but also that they could control transport of other vesicle structures.
Whether phosphorylation of S711 regulates Rab-GAP activity has yet to be established. However, so far, only truncated, but not full-length, versions of TBC1D1 and TBC1D4, containing just the GAP domain, have been shown to have Rab-GAP activity (25, 30) . Thus an open question is whether phosphorylation of TBC1D1 and TBC1D4 regulates Rab-GAP activity per se or whether phosphorylation is required for binding of TBC1D1/4-associated proteins. This issue should be considered in future studies.
In summary, we have identified several new phosphorylation sites on TBC1D4. TBC1D4 S711 is phosphorylated in response to AICAR, contraction, and insulin in mouse skeletal muscle and in response to exercise in human skeletal muscle. AMPK regulates S711 phosphorylation, as both AICAR and contraction effects were completely abolished in muscles from AMPK␣2 KD mice, but we are uncertain regarding the identity of the kinase(s) responsible for insulin-induced S711 phosphorylation. Nevertheless, these data strengthen the view of TBC1D4 as a convergence point between insulin-and contraction-mediated signaling pathways in skeletal muscle. TBC1D4 S711 phosphorylation does not regulate glucose uptake, raising the likelihood of redundancy in phosphorylation of the protein or suggesting that TBC1D4 may regulate additional cellular functions in skeletal muscle.
